ABSTRACT Neurotrophic activities of human recombinant acidic fibroblast growth factor (haFGF) were evaluated on primary cultured neurons from various brain regions and compared with those of CS23, modified human basic fibroblast growth factor. Survival of cultured neurons from embryonic day 16 (E16) rat cortex and sub stantia nigra was significantly increased by the addition of more than 10 ng/ml haFGF and that from the hippocampus was increased by 100 and 1000 ng/ml. However, en hancement of viability by haFGF was observed only in 1000 ng/ml-treated neurons from the striatum, thalamus, colliculus and cerebellum; and it was not observed in septal neurons. Survival of cultured neurons from postnatal day 15 rat on glial feeder layer was significantly increased by the addition of 1000 ng/ml haFGF, except for neurons from the septum. CS23 (10 ng/ml) increased the survival of cultured neurons from all regions mentioned above, and its effects were stronger than those of 1000 ng/ml haFGF. Addition of more than 10 ng/ml haFGF significantly increased the sur vival of cultured neurons from neonatal day 2 rat retina. Addition of 1000 ng/ml haFGF increased the choline acetyl transferase activity of E16 septal neurons slightly but significantly, but didn't increase the dopamine uptake activity of embryonic day E15 ventral midbrain. These results show that haFGF is effective on limited regions and ages of brain and retina, while CS23 is effective on all regions tested.
It has been generally accepted that several neurotrophic factors play an important role in the development, growth and maintenance of peripheral and central nervous systems. The fibroblast growth factor (FGF) family consists of at least seven closely related polypeptide mitogens which exert their activities by bind ing and activation of specific cell surface re ceptors (1 3), and they have mitogenic activ ities for various types of cells (4, 5) . FGFs are localized in the central nervous system (6) (7) (8) , and they promote the survival and neurite out growth of cultured neurons from various brain regions (9 14) . Basic FGF (bFGF) prevents the death of lesioned cholinergic neurons in vivo (15, 16) . Acidic FGF (aFGF) has been isolated from whole brain, hypothalamus and retina (4, 6, 17) , and its mRNA has been de tected in retina (8) . Acidic FGF also has neurotrophic effects on various regions of neurons in the brain, but its effective concen trations are considerably higher than those of bFGF (12) .
Human recombinant aFGF (haFGF) was purified by expression of its complementary DNAs in E. coli and its mitogenic activity on 3T3 fibroblast and endothelial cells was re ported previously (18) . However, effects of haFGF on brain neurons have not yet been evaluated. Meanwhile, Abe et al. have recent ly reported the effects of CS23, which is one of the modified human bFGFs, on the survival of cultured neurons from fetal rat brain (9) .
In the present study, we, for the first time , evaluated the neurotrophic activities of haFGF on primary cultured neurons from various brain regions and compared its effects with those of CS23.
MATERIALS AND METHODS

Determination of neuronal survival
Procedures for cell cultures and determina tion of neuronal survival were reported pre viously (9, 19) . Briefly, for fetal neuron cul ture, desired regions of the brain were asepti cally isolated from embryonic day 16 (E16) Wistar rats (Japan SLC Inc., Shizuoka, Japan) and then dissociated by incubation with 0.25% trypsin and 0.01% DNasel for 30 min, twice. The cell suspensions were plated in poly-L lysine-coated plastic 48-well plates at a density of 50,000 or 100,000 cells/cm2 with Dulbecco's modified Eagle's medium (DMEM) sup plemented with 10% fetal bovine serum (FBS). They were cultured at 37°C for 24 hr in a humidified 5% C02-95% air atmosphere, and the medium was changed to serum-free DF/TIP medium with drug. DF/TIP medium is composed of a 1:1 (v/v) mixture of DMEM and Ham's nutrient mixture F-12 sup plemented with 30 nM selenium, 5 ug/ml hu man transferrin, 5 ug/ml bovine insulin, 100 u M putrescine and 20 nM progesterone. After 3 days, the cultures were fixed with 4% para formaldehyde and stained by the ABC method using monoclonal antibodies to neurofilaments (Boehringer). The number of surviving neurons in each well was counted under a microscope.
For postnatal neuron culture, the desired brain regions were isolated from postnatal day 15 (P15) Wistar rats. Dissected tissues were immediately cut into pieces with a knife and pooled in ice-cooled L-15 medium, which was oxygenated with 95% 02-5% CO2. The tis sues were digested by incubation at 37°C in papain (Funakoshi, 15 U/ml) and 0.01% DNase I for 20 min. Dissociated cells were plated into 48-well plates at a density of 150,000 cells/cm2 on a glial feeder layer. The neurons were cultured for 6 days in DF medium supplemented with 10% FBS and 1% rat serum containing the desired concentra tions of drugs. The medium with fresh drugs was changed at 3 days. After culture of the neurons, the plates were fixed, stained and the number of surviving neurons were counted under a microscope. The glial feeder layer was prepared from the cortex of E18 Wistar rats. The tissues were dissociated by the procedure that was used for preparing fetal neurons and cultured in DMEM supplemented with 10% FBS. After 6 days culture, confluent glial cells were harvested by trypsinization and replated on 48-well plates. After a further 3 days cul ture, plates were used in the experiments as the postnatal neuronal culture.
For neuronal culture of retina, the retina was isolated from postnatal day 2 (P2) Wistar rats. Retinal neurons were prepared and cul tured by the procedure that was used for pre paring fetal neurons.
Determination of choline acetyltransferase and dopamine uptake activities
Choline acetyltransferase (ChAT) activity was measured by the method of Hatanaka and Tsukui (20) in cultured septal neurons pre pared by the procedure that was used for the determination of fetal neuronal survival except that the plated density of neurons was 700,000 cells/cm2. Dopamine uptake activity was measured by the method of Mytilineou and Cohen (21) in cultured neurons of ventral midbrain which were isolated from E15 Wistar rats. Neurons were plated at a density of 200,000 cells/cm2 in 12-well plates and cultured in DF/TIP medium containing drugs for 5 days. The pro tein quantity was measured with the dye method (Bio-Rad) using bovine serum albu min as a standard.
Measurement of neurite outgrowth
For measurement of neurite outgrowth, the hippocampus was isolated from E18 Wistar rats and dissociated by the procedure that was used for the determination of fetal neuronal survival except that the plated density of neurons was 2,500 cells/cm2. Neurons were cultured in Eagle's medium (MEM) sup plemented with 10% FBS for 1 day and in MEM/TIP for 1 more day. The drugs were added at this time and the neurons bearing neurites were recorded and the length of the longest neurite of these neurons was measured in an adherent cell analysis system (ACAS, Meridian). At 24 hr and 48 hr after drug addi tion, the length of neurites of recorded neurons were observed and measured on the photographs of the neurons.
Statistical analysis
Significance of the differences was deter mined by Duncan's multiple range test.
Materials
Human aFGF and CS23 were generously supplied by Takeda Chemical Industries, Ltd. (Osaka, Japan). CS23 is one of the modified human bFGFs (22) . Drugs were diluted to the desired concentrations by DF/TIP medium just before use.
RESULTS
The effects of haFGF on the survival of cul tured E16 neurons are shown in Fig. 1 . Neuronal viability of the substantia nigra in the absence of drugs was lower than that of the other seven regions, although the number of neurons innoculated was same as those of the cortex, septum and striatum. Addition of 10, 100 and 1000 ng/ml haFGF significantly increased the survival of cultured neurons from the cortex and substantia nigra in a concentration-dependent manner. Survival of neurons from the hippocampus was also in creased by the addition of 100 and 1000 ng/ml haFGF. However, significant enhancement of viability by haFGF was observed only in 1000 ng/ml-treated neurons from the striatum, thalamus, colliculus and cerebellum, and was not observed in the septal neurons. On the contrary, 10 ng/ml CS23 increased the survival of cultured neurons from all regions men tioned above, and its effects were stronger than those of 1000 ng/ml haFGF. Figure 2 shows the effects of haFGF on the survival of cultured P15 neurons on the glial feeder layer. Addition of 1000 ng/ml haFGF significantly increased the survival of cultured neurons from all regions tested except the sep tum, but it was observed only at this concen tration. CS23 at 10 ng/ml significantly in creased the viability of cultured neurons from all regions tested, and the degree of enhance ments were equivalent to or larger than those of 1000 ng/ml haFGF.
The effects of haFGF on the survival of cul tured P2 retinal neurons are shown in Fig. 3 . Addition of haFGF significantly increased the survival of cultured neurons in a concentration-dependent manner. The effect of haFGF was almost saturable at 10 ng/ml, and it was equivalent to that of 10 ng/ml CS23.
The effects of haFGF on the ChAT activity of E16 cultured septa] neurons and dopamine uptake activity of E15 cultured neurons from ventral midbrain were shown in Fig. 4, A and B, respectively. Addition of 1000 ng/ml haFGF and 10 ng/ml CS23 increased ChAT activity slightly (17% and 19%, respectively) but significantly. On the other hand, dop amine uptake activity was not increased by the addition of 1, 10, 100 and 1000 ng/ml haFGF, although strong enhancement was observed by the addition of 10 ng/ml CS23.
The effects of haFGF on neurite outgrowth in cultured neurons from E18 hippocampus are shown in Fig. 5 . Addition of 10, 100, and 1000 ng/ml haFGF did not increase neurite outgrowth in neurons from this age and re gion. 
DISCUSSION
It has been previously reported that human bFGF (hbFGF) and CS23 significantly in creased the survival of cultured neurons from all brain regions tested and that the concentration-dependency and time-course of the effects were very similar among all regions (9) . In the present study, addition of haFGF increased the survival of cultured E16 neurons from all regions tested except for the septum. However, there were differences in its effec tive concentrations on the other seven regions. Therefore, the neuronal responsibilities to haFGF might be different in various regions compared with hbFGF in E16 neurons. Addi tion of haFGF increased the survival of cul tured P15 neurons from all regions tested ex cept for the septum, but this enhancement was only seen in 1000 ng/ml haFGF treated neurons. Therefore the neuronal responsibili ties of the cortex and hippocampus to haFGF were lower in P15 than those of E16 if there had been no indirect effect of glia on the neurons. Addition of haFGF did not increase the survival of cultured septal neurons from both E16 and P15. Messenger RNA of aFGF has been detected in retina (8) , but its dis tribution in various regions of the brain has not been sufficiently elucidated. From our pres ent data, the responsibilities to aFGF might vary according to the age of the animals and it might be seen in restricted regions of the brain, although the effects of bFGF might not be specific to neurons from various regions of brain.
It has been reported that FGFs were effec tive for promoting neurite outgrowth when they were used with heparin (13) . Neuro trophic effects of addition of heparin to haFGF were tested. However, the effects of haFGF + 10 ng/ml heparin were similar to those of haFGF itself in E16 cultured brain neurons and enhancement of trophic effects was not seen (data not shown). Over 100 ng/ml heparin was toxic to cultured brain neurons in our present study.
Addition of haFGF significantly increased the survival of cultured neurons from P2 retina in a concentration-dependent manner. It has been reported that aFGF promoted the survival of retinal ganglion cells after transec tion of the optic nerve (23) , and that FGF re ceptors were detected in retina sections by autoradiography (24) . Our present data sug gest that P2 retinal neurons are sensitive to haFGF, and this sensitivity is higher than that of neurons from most brain regions. The retina is a complex nervous structure made of several layers, and it is necessary to further in vestigate which types of neurons are sensitive to haFGF. Addition of 1000 ng/ml haFGF increased ChAT activity in the septum significantly, but this enhancement was very small. Dopamine uptake activity was not increased by the addi tion of 1, 10, 100 and 1000 ng/ml haFGF though strong enhancement was observed by the addition of 10 ng/ml CS23. Although we have not determined ChAT activities in other brain regions, with regards to the functions of neurons in tested regions, aFGF may have weaker effects than bFGF.
Walicke has reported that bFGF stimulates neurite extention when bound to surfaces coated with heparin in cultured hippocampal neurons from E18 rat (14) . However, in our present data, the addition of 10 -1000 ng/ml haFGF did not increase neurite outgrowth in cultured neurons from E18 hippocampus. These results may be derived from the differ ence of the effect between aFGF and bFGF or the addition of heparin. So it is necessary to further investigate the effects of haFGF plus heparin on neurite outgrowth.
There are at least two different but highly related FGF receptors in humans (25) , chick ens (26, 27) and mice (28, 29) . These two re lated receptors are different gene products and could have different affinities for aFGF and bFGF (25) . Therefore, it is possible that there are different regulational mechanisms on the receptors which have different binding affini ties to aFGF and bFGF, and these two FGFs have different neurotrophic effects in the brain, although we have not done binding ex periments. On the other hand, it has been re ported that aFGF may be concerned with the regulation of feeding at the level of the central nervous system (30, 31) . Therefore, it is possi ble that bFGF might participate in the neuro trophic effect in the brain by binding to bFGF-sensitive receptors, and on the other hand, aFGF might participate in other effects such as feeding regulation and neurotrophic effect in the retina by binding to aFGF-sensi tive receptors. So it would be very interesting to clarify whether FGFs can enhance behav ioral performance in learning tasks to elucidate the relation between memory and food intake.
